Abstract-GBSAR has been widely used in landslides monitoring for its high precision in deformation monitoring and portable characteristic in natural environments. When monitor slides in mountainous areas, GBSAR cannot only work in positive mode, and its antennas may be directed to the target with a large squint angle. Unfortunately, normal range doppler imaging algorithm is not used well in such applications. Thus, a correction method of RD algorithm for SAR imaging with a squint angle has been proposed in the paper.
INTRODUCTION
The ground based synthetic aperture radar (GBSAR) is normally used as a deformation monitoring system in lots of regions [1] . Simultaneously, the system is designed based on SAR imaging methods and interference methods, to be used in micro-deformation monitoring regions such as open pit mines, large dams, landslides, and important artificial structures for disaster alarming [2, 3] . Especially, it can be used in land slide monitoring with a long time [4, 5] .
Because the system uses interferometric method and is designed with a wide-band frequency modulated continuous wave (FMCW) signal, it has high micro-deformation measure ability with a high precision in um levels [6, 7] . Normally, FMCW signal is used in SAR imaging with range compression method's change. When FMCW signal is used, the range compression methods are realized by deramp [8, 9] . And the phase error caused by a squint angle is corrected in range doppler domain.
In addition, the range doppler SAR imaging algorithm is changed by range migration correction when the GBSAR system's sensor is directed to the target with a squint angle [10] . In [11] , conventional range doppler SAR imaging method was modified to solve the problem of image skew when the radar was directed to target with a slant angle. Thus, a phase correction method was proposed in the paper. In [12] , modified doppler parameters estimation methods were proposed. In practice, the doppler parameters are important for the imaging result. Without doppler center frequency correction, the SAR image will defocus. Thus, a doppler center frequency correction method is proposed in the paper.
The rest of this paper is organized as follows. Section 2 briefly reviews the basic phase correction method when the GBSAR is used in imaging with a squint angle. In Section 3, a target imaging algorithms is given to acquire SAR image of the landslide. In Section 4, SAR images are acquired by using the proposed algorithm in landslide monitoring. In Section 5, micro-deformation of the effective scatter of landslide is acquired by retrieving from the interferometric phase of the chosen scatter between two SAR images. In Section 6, a short summary of this paper is given.
PRINCIPLE OF GBSAR

General Description
When the GBSAR is used to monitor a land-slide, the monitored target region may not be in the right front of the system's radar sensor. If an effective scatter is in the left side of the radar system as shown in Fig. 1 , the radar antenna should be directed to the target with a slant angle φ. In Fig. 1 , the rail guide of the GBSAR system is 2.1 meters in length, and its center is at point O. In one SAR imaging period, the radar sensor moves from point A to point B. The scatter is at the position of P. As shown in the figure, the range direction is the vertical direction, and the horizontal direction is the azimuth direction.
In real experiments, the scatter P is far from the center of the rail with a distance R around 170 m in line of sight. In addition, the slant angle φ is 3.8 • . The radar antenna's angle θ is 4 • . Thus, the cover region of the GBSAR system is far from the start point of A with a distance of 23 meters in horizontal direction added by the antenna cover length 12 meters (La = Rθ) and the slant length 11 meters (Rφ). It is larger than the distance between the scatter point target P and the rail's point A (20 m) in horizontal direction. Thus, the scatter can be monitored by the GBSAR.
When the radar's antenna is directed to the scatter with a slant angel, the normal range doppler SAR imaging algorithm should be corrected by the compensation of instantaneous phase changes related with azimuth time. It can be realized by the following equation [13] .
The instantaneous phase error ϕ azimuth is
where η represents the azimuth time, and f ηc is the doppler center frequency. When imaging the scatter with a slant angle, f ηc is related with slant angle φ. Their relation is shown in the following equation.
where λ is the wavelength of the radar's wave, R(η) the instantaneous distance between the scatter P and the radar's sensor, and v the velocity of the radar sensor on the rail. If we want to acquire the target's image, the instantaneous phase error should be corrected in azimuth direction.
Simultaneously, the target's image may defocus in range direction caused by the slant angle [14] . When the slant angle exists, the distances between the scatter and the radar sensor at the starting point A and ending point B are not equal. Thus, the scatter P in the SAR image may defocus in different range bins. The scatter's length Δx in range direction in the defocused SAR image can be illustrated by the following equation
If we use parameters shown in Fig. 1 , it is 0.9 meters. Thus, it is about twice of the range resolution of the GBSAR system when the bandwidth of the radar's microwave is 300 MHz. Namely, the target's echo was discovered in two neighboring range bins in the range doppler domain after the echo was compressed in range direction.
GBSAR System Description
The GBSAR was designed and used in slide monitoring experiments. It was consisted of a radar sensor which can transmit and receive microwave signal, linear rail guide which has um precision, and uninterruptible power supply (UPS) which provides electricity for the normal working of the GBSAR. The diagram of the proposed radar is shown in Fig. 2 . To acquire the corner reflector's micro deformation, the radar's parameters are shown in Table 1 [15] . Radars in high frequency with a continuous wave can be integrated to make the system flexible. Thus, the GBSAR prototype was operated in Ka band whose center frequency is 36.05 GHz to decrease the radar's weight and complexity. To acquire high range resolution, large bandwidth of system's electromagnetic wave was required. Thus, the bandwidth of the system is 300 MHz. At the same time, the transmitted power of the radar was decreased to 23 dBm with the use of continuous wave. To acquire a long period continuous wave, the pulse width of the system is 1 ms. Thus, the pulse repeat frequency is 1 kHz. Other parameters such as AD sampling rates are limited by the hardware used in the system. AD module can supply enough echo data for SAR imaging and deformation retrieving procedure realized by the data processing station.
SAR IMAGING ALGORITHM WITH A SQUINT ANGLE
When the imaging geometry is with a slant angle, echo in 2D spectrum domain can be expressed as in the following equation [16] . where c represents the speed of light in vacuum, f c the carrier frequency of the radar, f r the range frequency, f a the azimuth frequency, ω r the window function in range direction, ω a the window function in azimuth direction, σ the amplitude of the echo, (r, x) the position of the scatter P, r the distance between the target P and the rail in vertical direction, and x the distance between the point P and the radar sensor in horizontal direction.
To analyse the echo's phase in detail, the above equation is described in the following Taylor form.
where γ(f a , v) represents a multivariable function with two-variable input, the azimuth frequency and radar sensor's speed. From the equation, it can be seen that the first phase represents the scatter's amplitude. The second phase is related with azimuth frequency f a , and it can be compensated by the correction function in azimuth direction.
Meanwhile, the third phase is coupled in range direction and azimuth direction with the multiplication of f r and γ(f a , v). It can be compensated by range migration correction.
Similarly, the fourth phase of the echo can be compensated by the second range compression, and the last phase can be compensated by using the following filter.
Through this SAR imaging method, target in the monitored region can be focused in the image by the GBSAR. Meanwhile, it is complicated and needs complex computing producer. Thus, two separated imaging producers were used in the experiment. The first phase compensation producer can remove the phase error caused by azimuth frequency. It is equivalent to the producer of removing the second phase. The second phase compensation producer can remove the phase error caused by range frequency. It is equivalent to the function of removing the third and fourth phases.
SAR IMAGING IN LAND-SLIDE MONITORING
Based on above analysis, GBSAR can be used to monitor the landslide's scatter's deformation. Thus, it can be used in landslide monitoring. To prove the measure ability of the system, a corner reflector was used in this experiment. It can be used as an effective scatter. The setup is shown in Fig. 3 .
The corner reflector was put on a concrete desk on the road side which was far from the GBSAR system with a distance around 170 meters. Its length is 0.3 meters at each side. To verify the system's micro-deformation measure ability, the trihedral was moved with a distance of 1 mm between two separated SAR imaging procedures. To ensure the accuracy of the trihedral position, a vernier calliper was used in the experiment. The radar's antenna was directed to the trihedral with a little slant angle φ, which is 3.8 • . As shown in Fig. 1 , the radar was moved from left to right, and the trihedral was recognized as a point scatter in the monitoring region. Simultaneously, the radar antenna's beam angle is 4 • in horizontal direction, which is symbolled as θ in Fig. 1 . Meanwhile, the beam angle in vertical direction is 10 • . Thus, the monitored region is limited by the radar antenna. In the experiment, we can only monitor nearby region around the trihedral at each imaging time. If we want to measure other areas, the slant angle of the antenna should be changed.
From Fig. 3 , it is shown that the corner reflector was used in the experiment as a scatter point. By monitoring the corner reflector's deformation, the micro-deformation monitor method can be verified. In the SAR imaging experiment, the radar's velocity v is 0.015 m/s, and the monitored time Δt is 140 seconds in each SAR imaging procedure. Thus, the monitored region's length L is 2.1 meters in azimuth direction. It can be acquired by the flowing equation.
Simultaneously, the radar's imaging resolution δR in range direction is 0.5 m, which can be calculated by the radar microwave's bandwidth B (300 MHz) and the speed of light c (3 × 10 8 m/s). Their relationship can be depicted as in the following equation.
Thus, one range bin is 0.5 m in length for the SAR images. From the propagation time of the echo, we can acquire the target's distance with a high precision. In the following image, we describe the echo's intensity of the imaging region around the corner reflector. After range compression, echo of the corner reflector was focused in some range bins near 169 meters far from the radar.
From Fig. 4 , it is seen that the distance between the corner reflector and the radar sensor is about 168.5 meters. To analyse the experiment result, echo intensity of the trihedral in azimuth direction is illustrated in Fig. 5 .
From Fig. 5 , it is seen that the echo's amplitude of the corner reflector decreases with the radar sensor's motion. It is because the distance between the radar sensor and the corner reflector is becoming larger with the sensor's motion. To acquire the trihedral's SAR image, the doppler frequency center error caused by the slant angle should be corrected. After correction in azimuth direction, the corner reflector's echo intensity in azimuth direction can be transformed into a new one as shown in Fig. 6 .
Obviously, echo intensity of the corner reflector is similar to a sinc function. Thus, the echo after phase correction in azimuth direction can be used by normal range doppler algorithms. After RD imaging, the corner reflector is shown in Fig. 7 .
It can be seen that the corner reflector is oriented in the center of the image after phase correction in azimuth direction by removing the doppler frequency shift of the echo. Meanwhile, the image is defocused in range direction. It exists in two neighboring range bins. The phenomenon is consistent with the above analysis. If we want to acquire the right SAR image of the trihedral, correction in range direction for the echo should be used. After the correction, echo intensity of the trihedral is shown in Fig. 8 .
From Fig. 8 , it is found that the corner reflector's echo is focused in one range bin, showing that the defocus problem caused by the squint angel can be solved by phase compensation in range direction. If we use a normal azimuth filter to process the corrected data, the corner reflector is shown in Fig. 9 .
From Fig. 9 , it is obvious that the corner reflector is focused in one range bin. Namely, the target's defocus problem in the range direction is solved with the phase compensation in range direction 
DEFORMATION RETRIEVE IN LAND-SLIDE MONITORING
After acquiring SAR image of the monitored region, interferometric image can be formed to acquire phase error of the scatter in the image to estimate the micro deformation of the target.
Firstly, two images of the monitored region were acquired when the scatter point moved before and after having a micro-deformation of 1 mm. Then, interferometric image was formed by the two different SAR images. Lastly, phase in azimuth profile was described at the right distance of the corner reflector in range direction, where the scatter point's amplitude is the largest, and the phase at this point is the scatter's interferometric phase. Then micro-deformation of the scatter can be acquired by the flowing equation.
where Δr is the micro-deformation of the scatter, and Δφ is the interferometric phase of the scatter. The interferometric image of the experiment is shown in Fig. 10 . Figure 10 . Interferometric image.
From Fig. 10 , it is obvious that echo of the corner reflector is large in the SAR image, with a huge space. To acquire the phase of the scatter, we acquire its phase history in azimuth profile as shown in Fig. 11 . Figure 11 . Phase of the scatter in azimuth direction.
From Fig. 11 , it is obvious that the interferometric phase of the scatter is about −1.26. From Equation (9) , it can be seen that the micro-deformation of the scatter is about 1 mm. It is consistent with the real micro-deformation set in the experiment. Thus, the GBSAR system can acquire microdeformation of scatters in landslide monitoring with a high precision. It has a wide application prospect in the future.
CONCLUSION
A novel SAR imaging algorithm originated from the conventional range doppler algorithm is introduced and implemented in the paper to solve the image defocus problem in GBSAR imaging with a squint angle. The proposed algorithm is proposed by compensating the phase error in azimuth direction and range direction, respectively. Experiments results verify that the proposed algorithm is effective in landslide monitoring. It can be used to image scatters which are far away from the radar sensor in azimuth direction.
